Introduction {#s1}
============

Osteoporosis is a common disease characterized by low bone mineral density (BMD) and low trauma fractures, mainly resulting from exceeding bone resorption by osteoclasts over bone formation by osteoblasts [@pone.0097098-Manolagas1]. The immune system also has a strong association with bone metabolism [@pone.0097098-Arron1], [@pone.0097098-Walsh1]. In particular, circulating monocytes are directly involved in osteoclastogenesis. They are precursors of osteoclasts [@pone.0097098-Fujikawa1] and also secrete osteoclastogenic factors such as IL-1 (interleukin-1), IL-6 and TNF-α (tumor necrosis factor-alpha) [@pone.0097098-CohenSolal1].Human studies have also shown relationships between the expression levels of certain genes in circulating monocytes and osteoporosis: annexin A2 (ANXA2) [@pone.0097098-Deng1], signal transducer and activator of transcription 1 (STAT1) [@pone.0097098-Chen1], chemokine (C-C motif) receptor 3 (CCR3), histidine decarboxylase (HDC), and glucocorticoid receptor (GCR) [@pone.0097098-Liu1].

MicroRNAs (miRNAs) are short (∼22 nt) non-coding RNA molecules that regulate gene expression usually by destabilizing mRNAs or by suppressing translation [@pone.0097098-Ebert1]. Many miRNAs are involved in osteoblastogenesis [@pone.0097098-Li1]--[@pone.0097098-Li2]. There are also some miRNAs that promote proliferation and differentiation of osteoclasts. MiR-21 downregulates PCD4 (programmed cell death 4) protein expression and induces osteoclastogenesis of primary mouse BMMs (bone marrow-derived monocyte/macrophage precursors) [@pone.0097098-Sugatani1]. MiR-155 can induce osteoclast activity via putatively predicted targeting of SHIP (Src homology 2-containing inositol phosphatase), a suppressor of osteoclastogenesis [@pone.0097098-Mizoguchi1]. MiR-223 suppresses NF1-A (nuclear factor 1-A) expression, which stimulates mouse osteoclast differentiation and function [@pone.0097098-Sugatani2]. MiR-34c enhances osteoclastogenesis via post-transcriptional regulation of genes involved in the Notch signaling pathway, such as Notch1, Notch2, and Jag1 [@pone.0097098-Bae1]. MiR-378 is involved in the induction of osteoclast differentiation since it is upregulated in mouse RAW264.7 cells that are differentiating into osteoclasts [@pone.0097098-Kagiya1].

However, the role of miRNAs in *in vivo* human circulating monocytes in the etiology of osteoporosis remains largely unclear. A recent *in vitro* study found that miR-146a inhibited osteoclastogenesis in human circulating mononuclear cells [@pone.0097098-Nakasa1]. Also, another *in vitro* and *in vivo* study found that miR-148a promotes osteoclastogenesis in human circulating mononuclear cells [@pone.0097098-Cheng1]. We previously found that *in vivo* miR-133a in circulating monocytes is upregulated in postmenopausal women with low BMD compared to postmenopausal women with high BMD, thus identifying miR-133a a potential biomarker associated with postmenopausal osteoporosis [@pone.0097098-Wang1]. In this study, we intended to further identify other potential miRNA biomarkers in circulating monocytes for postmenopausal osteoporosis. Using microarray and qRT-PCR approaches, we found a significant increase of miR-422a expression in low BMD compared with high BMD subjects. Moreover, bioinformatic target gene analysis identified several possible target genes for miR-422a.

Materials and Methods {#s2}
=====================

Human subjects and characteristics {#s2a}
----------------------------------

The Institutional Review Board at Creighton University approved the study, and all subjects signed informed-consent documents. Twenty postmenopausal Caucasian women were recruited from the Omaha, NE. Ten subjects had high BMD (spine or hip Z score \>0.84) and 10 had low BMD (spine or hip Z score \<−0.84). The high and low BMD groups represent the top and bottom 20% of the BMD distributions of the age-, sex- and ethnicity-matched population. BMD (g/cm^2^) for the lumbar spine (L1-4) and total hip (femoral neck, trochanter and intertrochanteric region) were measured using a Hologic 4500A dual energy X-ray absorptiometry (DXA) scanner (Hologic Inc., Bedford, MA). The coefficient of variation (CV), which reflects the instrument\'s precision, was 0.9% and 1.4% for the spine and hip BMD, respectively. The recruited women were considered postmenopausal if they had at least 12 months of no menses since the date of their last menses. All subjects were 57--68 years of age. Detailed characteristics of the study subjects can be found in our previous publication [@pone.0097098-Wang1].

Monocyte isolation {#s2b}
------------------

Blood mononuclear cells (MNCs) were isolated from 70 ml peripheral blood from each subject using a density gradient in UNI-SEP tubes containing 5.6% polysucrose and 9.6% sodium metrizoate with a density of 1.077 g/ml (Novamed, Jerusalem, Israel). Monocytes were isolated by negative selection using the untouched human monocytes negative isolation kit (Dynal Biotech, Lake Success, NY), which contains a cocktail of antibodies for CD2, CD7, CD16, CD19, CD56 and CD235a to deplete T cells, granulocytes, B cells, natural killer cells and granulocytes, which leaves the monocytes naïve and untouched to antibodies and microbeads. The purity of isolated monocytes was assessed by flow cytometry using the fluorescence labeled antibodies anti-CD-45-FITC and anti-CD-14-PE [@pone.0097098-Chen1], [@pone.0097098-Liu1] (BD Biosciences, San Jose, CA). The average purity is about 85% with 3% deviation.

Total RNA extraction {#s2c}
--------------------

The miRNA Isolation Kit (Ambion, Austin, TX) was used to extract total RNA (including miRNA) from each cell sample following the manufacturer\'s protocol. Total RNA concentration and integrity were measured by the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). Each RNA sample had quality and an excellent RNA integrity number (\>9.0).

MiRNA array procedures {#s2d}
----------------------

TaqMan Human MicroRNA Array v1.0 (Applied Biosystems, Foster City, CA) was used to perform a miRNA expression profile for each monocyte RNA sample. Each array tests for the expression of 365 miRNAs and the endogenous controls RNU48 and RNU44. First, TaqMan miRNA Multiplex Reverse Transcription Kit (Applied Biosystems) was used to perform reverse transcription (RT) of the total RNA samples. Each RT reaction was performed in a 63 µl reaction system: 1.8 µl 100 mM dNTPs, 18 µl reverse transcriptase (50 U/ml), 9 µl 10× RT buffer, 1.13 µl RNase inhibitor (20 U/µl), 16 µl RNA sample and 17.08 µl nuclease-free water. The reaction conditions were: 16°C for 30 min, 42°C for 30 min and 85°C for 5 min. Following the RT reaction, 450 µl diluted RT reaction product (diluted 62.5-fold) was mixed with 450 µl TaqMan Universal PCR master mix (Applied Biosystems), and 100 µl of the qRT-PCR reaction mix was loaded into each port of the array card (8 ports/card). The qRT-PCR for each array was performed on the 7900HT Fast Real-Time PCR System (Applied Biosystems). The reaction conditions were: 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 sec followed by 60°C for 1 min. Each array card had only one probe for each target miRNA.

For the miRNA array data analysis, the raw expression level was determined by the cycle number at which the reaction crossed a predetermined threshold cycle (CT) as identified for each miRNA probe. The relative quantity (RQ) of each miRNA for each sample is determined by the calculating 2^−ΔΔCT^, where ΔCT = CT~target~ ~miRNA~-CT~endogenous~ ~control~ ~RNU48~, and ΔΔCT = ΔCT-average ΔCT of all the samples). The RQ values were used for the student\'s *t* test to identify the miRNAs that were differentially expressed between the high and low BMD groups.

For the array experiments, we did not produce any new data and the array data can be found in our previously published paper [@pone.0097098-Wang1].

qRT-PCR for miRNA validation {#s2e}
----------------------------

Due to the possibility of false positive results and to correct for multiple-testing comparison in the miRNA array analysis, we performed qRT-PCR to validate the results obtained in the array. First, RT was performed on the same 20 monocyte RNA samples that were used in the array analysis. The RT reaction was performed with a volume of 15 µl for each sample, using reagents from Applied Biosystems. The contents of each sample included: 1.5 µl TaqMan RT Buffer (10X), 0.15 µl 100 mM dNTPs, 1 µl reverse transcriptase, 0.19 µl RNase inhibitor (20 U/µl), 3 µl miRNA primer, 100 ng total RNA and nuclease-free water to make the final volume 15 µl. The real-time PCR analysis was done on the 7900HT Fast Real-Time PCR System, using 20 µl per sample for the reaction. The contents of each sample were: 2.5 µl cDNA, 10 µl TaqMan universal PCR master mix (2X), 1 µl 20× TaqMan miRNA assay (primers & probe) and 6.5 µl nuclease-free water. The reaction conditions were: 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 sec followed by 60°C for 1 min. For each sample, the target miRNA and RNU48 were run in triplicate on the same plate. The RQ of each miRNA for each sample is determined by the calculating 2^−ΔΔCT^, where ΔCT = CT~target~ ~miRNA~-CT~endogenous~ ~control~ ~RNU48~, and ΔΔCT = ΔCT-average ΔCT of all the samples). The RQ values were used for the student\'s *t* test to identify the miRNAs that were differentially expressed between the high and low BMD groups.

Target gene prediction and verification {#s2f}
---------------------------------------

We performed bioinformatic sequence analysis of each miRNA which showed differential expression between the low and high BMD groups in qRT-PCR validation. Using the miRNA target gene database TargetScan (<http://www.targetscan.org>), we looked for conserved 8-mer and 7-mer sites in the 3′-untranslated region (UTR) of the target mRNA that are complementary to the seed sequence of the miRNA. This method is used by currently available miRNA target gene databases because miRNAs normally repress gene expression by base pairing at complementarity sites mainly in the 3′-UTR of the target mRNAs [@pone.0097098-He1], [@pone.0097098-Bartel1]. When potential target genes were predicted, we performed qRT-PCR to check for mRNA expression levels of these genes among the same 20 samples. Similar to miRNA qRT-PCR, the mRNA qRT-PCR was also composed of RT and real-time qPCR. The RT and qPCR reaction volumes were 100 µl and 25 µl, respectively, using reagents and following a standard protocol from Applied Biosystems. The RQ calculation was determined by 2^−ΔΔCT^ from the triplicate reaction data of both the target mRNA and internal β-actin control. The student\'s *t* test was performed to check for potential differential expression levels of the target mRNA between the low and high BMD groups. Furthermore, Pearson correlation analysis was performed between the qRT-PCR expression levels of the miRNA and its potential target genes.

Results {#s3}
=======

MiRNA array analyses {#s3a}
--------------------

Although the expression levels of the 365 miRNAs were tested in each of the 20 monocyte RNA samples in each individual array, some miRNAs were undetectable in some of the samples. Therefore, we only performed data analyses on the miRNAs which were expressed in at least five high BMD samples and at least five low BMD samples. Using this criterion, statistical analyses were performed for 156 miRNAs. As we previously reported, two miRNAs- miR-133a and miR-382- showed a statistically significant difference in array analysis between the low and high BMD groups [@pone.0097098-Wang1]. Particularly, miR-133a displayed a fold change of 6.48 between the low and high BMD groups as mean ± SD (4.21±2.15 vs. 0.65±0.75, P = 0.007), and miR-382 showed a fold change of 3.65 between the low and high BMD groups (2.74±2.18 vs. 0.75±0.63, P = 0.027). However, only miR-133a was validated by qRT-PCR (2.21±2.08 vs. 0.76±0.37, P = 0.044), and the qRT-PCR expression levels of miR-382 were not significant (6.56±2.84 vs. 7.93±9.73, P = 0.67). In this study, we further selected four marginal differentially expressed miRNAs in the array study [@pone.0097098-Wang1] for qRT-PCR validations, which are miR-27b, miR-422a, miR-151, and miR-152. Specifically, the expression levels of the four miRNAs between the low and high BMD groups as mean ± SD in the array analyses are miR-27b (2.48±2.05 vs. 1.02±0.86, P = 0.054), miR-422a (2.91±2.55 vs. 1.24±0.79, P = 0.065), miR-151 (1.44±0.87 vs. 0.86±0.42, P = 0.076), and miR-152 (1.32±0.49 vs. 0.91±0.47, P = 0.076) ([Figure S1](#pone.0097098.s001){ref-type="supplementary-material"}).

MiRNA qRT-PCR {#s3b}
-------------

To further validate the differential expression levels of the four selected miRNAs between the low and high BMD groups, we performed qRT-PCR for the four miRNAs on the 20 monocyte RNA samples. Only miR-422a showed a significant upregulation in the low BMD group as compared to the high BMD group (1.31±0.54 vs. 0.85±0.27, P = 0.029) was confirmed by qRT-PCR ([Figure 1](#pone-0097098-g001){ref-type="fig"}). The expression levels in the low vs. the high BMD group of miR-27b (1.26±0.66 vs. 0.99±0.43, P = 0.29), miR-151 (1.37±1.08 vs. 0.98±0.41, P = 0.30) and miR-152 (1.50±1.11 vs. 0.95±0.54, P = 0.17) were not significant ([Figure S2](#pone.0097098.s002){ref-type="supplementary-material"}).

![MiR-442a expression levels in human circulating monocytes from postmenopausal women with low and high BMD as shown by miRNA array and qRT-PCR.\
(\*P\<0.05, N = 20)](pone.0097098.g001){#pone-0097098-g001}

Target gene prediction and verification {#s3c}
---------------------------------------

Our search for predicted target genes of miR-422a found 191 potential targets using TargetScan database. We found several genes that are potential miR-422a targets and are related to osteoclastogenesis: CBL (Casitas B-lineage lymphoma proto-oncogene)<http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=867>, CD226 (cluster of differentiation 226), IGF1 (insulin-like growth factor 1), PAG1 (phosphoprotein associated with glycosphingolipid microdomains 1) and TOB2 (transducer of ERBB2, 2). The specific binding sites of miR-422a to the 3′ UTR regions of these five genes are shown in [Table 1](#pone-0097098-t001){ref-type="table"}. qRT-PCR analyses of these five genes did not demonstrate significant difference in mRNA expression between the low and high BMD groups ([Figure 2](#pone-0097098-g002){ref-type="fig"}). Correlation analysis between miR-422a and these five potential target genes showed a negative correlation between each of the five genes and miR-422a, although none of the correlations were significant (P\>0.05) ([Table 2](#pone-0097098-t002){ref-type="table"}).

![Expression levels of potential miR-422a target genes in human circulating monocytes from postmenopausal women with low and high BMD as shown by qRT-PCR.\
(P\>0.05, N = 20)](pone.0097098.g002){#pone-0097098-g002}

10.1371/journal.pone.0097098.t001

###### Putative binding sites of miR-422a in predicted target genes in humans.

![](pone.0097098.t001){#pone-0097098-t001-1}

  Target Gene    3\' UTR Position   Consequential Pairing Target gene binding region (top) and miR-422a sequence (bottom)
  ------------- ------------------ ---------------------------------------------------------------------------------------
  CBL                                                           5\'CCUACCUGGGGAAC**AGUCCAG**A
                     283--290      
                                                                3\'CGGAAGACUGGGAU**UCAGGUC**A
  CD226                                                         5\'CACUCUAUCAGCAU**AGUCCAG**A
                     776--783      
                                                                3\'CGGAAGACUGGGAU**UCAGGUC**A
  IGF1                                                       5\'CAAAUUG**GAC**UGGCG**AGUCCAG**A
                    1114--1121     
                                                             3\'CGGAAGA**CUG**GGAU-**UCAGGUC**A
                    4802-4809                                5\'UUGCAAA**GACC**AUAA**AGUCCAG**A
                                   
                                                             3\'CGGAAGA**CUGG**GAU-**UCAGGUC**A
  PAG1                                                          5\'AACUUAAAGAGAUC**AGUCCAG**A
                    4605--4612     
                                                                3\'CGGAAGACUGGGAU**UCAGGUC**A
  TOB2                                                          5\'GAAUGGAAACUGUU**AGUCCAG**A
                    2506--2513     
                                                                3\'CGGAAGACUGGGAU**UCAGGUC**A

10.1371/journal.pone.0097098.t002

###### Pearson correlation of expression levels (2^−ΔΔCT^) of miR-422a with potential target genes as measured by qRT-PCR.

![](pone.0097098.t002){#pone-0097098-t002-2}

  Gene     Fold Change (H/L)   Correlation Coefficient   P Value
  ------- ------------------- ------------------------- ---------
  CBL          0.544143               −0.18871           0.4256
  CD226        0.822103               −0.15951           0.5017
  IGF1         4.016441               −0.06055           0.8055
  PAG1          1.08477               −0.12803           0.6119
  TOB2          3.60556               −0.04008           0.8668

Note: H/L: high/low BMD groups.

Discussion {#s4}
==========

The purpose of this study was to further identify miRNA biomarkers in human circulating monocytes associated with postmenopausal osteoporosis. Our previous work showed a significant upregulation of miR-133a in circulating monocytes in the low vs. the high BMD postmenopausal women by both array and qRT-PCR analyses and identified miR-133a as a potential biomarker for postmenopausal osteoporosis. In this study, to avoid potential false negative results, we performed further data mining of the array data and selected four marginal significant miRNAs for qRT-PCR validation and target gene analyses. We found another significant miR-422a in circulating monocytes as a potential cellular miRNA biomarker underlying postmenopausal osteoporosis.

Human mature miR-422a is encoded by gene MIR422A at 15q22.31 (64,163,129--64,163,218 bp). The array results demonstrated that miR-422a was marginally unregulated in the low vs. the high BMD groups (P = 0.065). However, further qRT-PCR validation found a significant upregulation of miR-422a in the low vs. the high BMD group (P = 0.029) ([Figure 1](#pone-0097098-g001){ref-type="fig"}). In addition, we detected miR-422a expression levels in circulating B cells from the same 20 high or low BMD postmenopausal women. Circulating B cells were isolated by Dynabeads CD19 (Pan B) (Dynal Biotech). However, miR-422a was not differentially expressed in B cells between the high and the low BMD groups (P = 0.31). Therefore, miR-422a is another potential monocyte-specific biomarker for postmenopausal osteoporosis.

There have been some studies to determine the importance of miR-422a in human diseases. MiR-422a may play a protective role against colon cancer, which was shown by its decreased expression in colorectal tumor or in laryngeal carcinoma tissue as compared to normal tissues [@pone.0097098-Faltejskova1], [@pone.0097098-Wang2]. MiR-422a also inhibits pathways that stimulate tumor cell proliferation in osteosarcoma [@pone.0097098-Gougelet1]. MiR-422a may have a deleterious effect in individuals with multiple sclerosis (MS), and plasma from individuals with MS showed significantly higher levels of miR-422a than plasma from healthy subjects [@pone.0097098-Siegel1]. MiR-422a also destabilizes CYP7A1 mRNA by binding to the 3′ UTR and affects CYP7A1 gene\'s role in bile acid synthesis [@pone.0097098-Song1]. MiR-422a was co-expressed in human monocytes and atherosclerotic plaque tissue [@pone.0097098-Bidzhekov1]. In bone research area, only one study has shown that the treatment of osteoblasts with peptide-15, which is known to increase bone formation, decreased expression of miR-422a in osteoblasts-like cells [@pone.0097098-Palmieri1]. Our current study, however, has initially demonstrated that miR-422a in human circulating monocytes, the osteoclast precursors, is associated with potemenopausal BMD levels.

This study identified miR-422a as a potential biomarker for postmenopausal osteoporosis. However, the specific mechanism of miR-422a in circulating monocytes to reduce BMD is still unknown. Since circulating monocytes are osteoclast precursors, we have tried to further identify potential miR-422a target genes that inhibit osteoclastogenesis. By searching miRNA target gene predicting databases (TargetScan) and available published references, we found four potential miR-422a target genes related to the inhibition of osteoclastogenesis, which are CBL, CD226, PAG1, and TOB2 ([Table 1](#pone-0097098-t001){ref-type="table"}). CBL inhibits early stage osteoclastogenesis by degrading NFATc1 (nuclear factor of activated T cells c1) protein [@pone.0097098-Kim1], CD226, also called DNAM-1 (DNAX accessory molecule-1), has been found to negatively regulate osteoclast formation [@pone.0097098-Kakehi1], PAG1 has an alias of CBP (Csk-binding protein). An *in vitro* study has demonstrated that up-regulation of CBP dramatically inhibited bone-resorbing activity in osteoclasts <http://www.genenames.org/data/hgnc_data.php?hgnc_id=30043> [@pone.0097098-Matsubara1]. TOB2 inhibits formation of osteoclasts by interacting with VDR (vitamin D receptor) to suppress RANKL expression [@pone.0097098-Ajima1]. In our study, miR-422a has been up-regulated in the postmenopausal low BMD group. Therefore, the increased miR-422a in circulating monocytes may inhibit the four inhibitory factors for osteoclastogenesis, and thus stimulate osteoclastogenesis and result in low BMD by more bone resportion in postmenopausal women. Another important gene that may be inhibited by miR-422a is IGF1. Many studies have found that circulating levels of IGF1 are positively associated with BMD in both men and women, and osteoporotic patients have reduced circulating IGF1 levels [@pone.0097098-Gillberg1]--[@pone.0097098-Yamaguchi1]. A recent review by Crane and Cao has also indicated that IGF1 is a critical growth factor to maintain bone mass by its role in the coupled bone remodeling [@pone.0097098-Crane1]. In this study, the up-regulation of miR-422a may reduce the production and secretion of IGF1 in circulating monocytes, leading to low BMD and osteoporosis in postmenopausal women. Therefore, all the five potential target genes play beneficial roles in bone metabolism and down-regulation of the five genes should be related to low BMD and osteoporosis. In this study, the qRT-PCR analyses in the same 20 circulating monocyte RNA samples have not shown significant differential expression levels of the five potential target genes between the high and low BMD group ([Figure 2](#pone-0097098-g002){ref-type="fig"}). However, miR-422a expression levels have negative correlations with all the five genes though not significant ([Table 2](#pone-0097098-t002){ref-type="table"}). It is possible that miR-422a inhibits each of the five target genes in small extension but none of the gene expressions individually are significantly different between the low and high BMD groups. However, the combined systematic effects may be significant and result in bone loss and low BMD. Alternatively, one of the main miRNA regulatory mechanisms is to suppress protein translation only but not to induce mRNA degradation [@pone.0097098-He1], [@pone.0097098-Bartel1], which maybe another reason for the non-significant differentiation and correlation of the target genes at the mRNA level. Moreover, since there are 226 predicted target genes of miR-422a in TargetScan database, there may be some novel bone-related genes that are still unknown. In addition, our sample size (N = 20) is relatively small. A larger sample size will have higher statistical power to identify potential target genes with small effect sizes. To find out if there is any relationship between the two significant miRNA markers that we identified in our current and previous studies, we also performed Pearson correlation analysis between the expression levels of miR-422a and miR-133a. The results showed a positive correlation but not statistically significant (Pearson Correlation Coefficient  = 0.1685, P = 0.4777). As our research continues, we will also use standard techniques, such as logistic regression and/or CARTmodel, to combine a series of interested miRNAs for biomarker-based classification in our future studies.

Therefore, following our initial miRNA biomarker study in human circulating monocytes underlying postmenopausal osteoporosis, this study further identified miR-422a as a specific cellular marker for postmenopausal osteoporosis.
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Expression levels of miR-27b, miR-151 and miR-152 in human circulating monocytes from postmenopausal women with low and high BMD as shown by miRNA array. (P\>0.05, N = 20).
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Expression levels of miR-27b, miR-151 and miR-152 in human circulating monocytes from postmenopausal women with low and high BMD as shown by qRT-PCR. (P\>0.05, N = 20).
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